Introduction
The interference effects of single salts or, more correctly, a matrix consisting of one cation and anion, on the determination of analytes by graphite furnace atomic absorption spectrometry (GFAAS) has been widely studied. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The thermal behavior of any chosen interferent in the atomizer, including its gas and condensed-phase interactions with an analyte, has been also investigated using various experimental procedures and additional supplementary techniques. 9, [13] [14] [15] The rate of interferences depends on the construction of the atomizer, applied time-temperature program and many other experimental parameters. Nevertheless, for the same interferent and analyte pair, the interference mechanisms proposed from different approaches have usually been in agreement and complementary.
Interferences take place at each step of the graphite furnace program. During drying and pyrolysis, the analyte may be occluded into the matrix particulates. 17, 19, 20 During pyrolysis, volatile compounds of the analyte with matrix constituents may be lost from the furnace. 1, 3, 16 In the atomization step, expulsion of the analyte by the matrix gases, 3, 17, 18 as well as gas-phase reactions between the analyte and the matrix decomposition products, 4, 6, [21] [22] [23] may take place. Then, incomplete atomization of thermally stable non-volatile compounds of the analyte with the matrix is possible as well. 7 Taking into account the huge number of processes having relation to matrix interferences in GFAAS, in almost all the papers cited above, only one simple salt, e.g. chloride or sulfate, was applied to investigate the interference mechanisms. However, real samples usually contain many inorganic and organic constituents. Their mutual interactions, often with the participation of analytes, at all steps of the atomic absorption determination include not only chemical, but also various physical processes. Sometimes interferents may be involved in more than one interference process. Then, the interference effect caused by one compound may be changed and sometimes completely prevented by the other one(s). Therefore, the contribution of each compound to the final process differs from their effect as individual interferents. All of these circumstances significantly complicate the investigation of interferences in complex systems.
In previous papers, we investigated the effects of several ion combinations on manganese. 24, 25 The aim of this study was to investigate the interference effect of a mixture of four ions (Al 3+ , Mg 2+ , SO4 2-and Cl -) on manganese in GFAAS by comparing the individual interferences caused by the most possible salts (AlCl3, Al2(SO4)3, MgCl2 and MgSO4). The main experimental procedures applied for this purpose were: (i) pyrolysis curves and (ii) shape of atomization signals for manganese in the atomization step. The matrix constituents chosen, i.e. aluminum, magnesium, sulfate, and chloride, are the most abundant ions in many samples. Since the aim of this study was to investigate the interference effect of matrices in the real substances, we chose the most abundant in many samples. Aluminum is present in soil and some metallurgical samples at high concentration. The importance of other ions was discussed In this study, the interference effects of Al 3+ , Mg 2+ , Cl -and SO4 2-ions on the determination of manganese by graphite furnace atomic absorption spectrometry (GFAAS) were investigated. At first, the interferences caused by Al2(SO4)3, AlCl3, MgCl2 and MgSO4, which are the most possible major compounds for the combinations of the ions mixed, were individually considered. Then, the effects caused by mixtures containing various amounts of MgSO4 and AlCl3 were studied. If the pyrolysis temperature is below 800˚C, AlCl3 changes the vaporization mechanism of manganese. These interferences disappear at higher pyrolysis temperatures. At the same time, aluminum salts may cause the formation of refractory compounds between aluminum and manganese (like spinel MnAl2O4) that shift the absorption signals of manganese to higher temperatures. Magnesium sulfate, by itself, does not cause any depression of manganese signals. In fact, it acts as a modifier, preventing volatilization losses of manganese during the pyrolysis step. A conclusion was reached that detailed investigation of the interferences in a complex media is a very difficult experimental and theoretical task. To solve practical problems, one may better follow the general notions developed in GFAAS toward complex matrices. 
Experimental

Instrumentation
A Perkin-Elmer Zeeman Z/3030 atomic absorption spectrophotometer equipped with a HGA-600 graphite furnace, an AS-60 auto sampler and a PR100 printer was used throughout this work. A manganese hollow-cathode lamp was used as the spectral light source. The wavelength was set to 403.1 nm and slit width to 0.2 nm. This wavelength is not the most sensitive line for Mn, but in order to compensate for contaminations due to reagents and environment and by this way to increase the precision, it was preferred in this study. Otherwise, the reproducibility with the most sensitive line (279.5 nm) was poor. Pyrolytic graphite-coated tubes with pyrolytic graphite platforms were used for most of the experiments. The gas flow was interrupted during atomization. Signal evaluation was performed by means of integrated absorbance values (peak area).
The graphite furnace temperature program used for the experiments is given in Table  1 .
Reagents
A stock solution containing 1000 µg ml -1 was prepared by dissolution of Mn(NO3)2·6H2O (Merck). Stock matrix solutions were prepared from analytical reagent-grade AlCl3·6H2O (Merck) and MgSO4·7H2O (Merck). All test solutions were diluted to appropriate concentrations with deionized distilled water immediately before use.
Results and Discussion
Since AlCl3, MgCl2, Al2(SO)4 and MgSO4 are the most possible major compounds after the mixing of MgCl2 and Al2(SO4)3, at first the individual interference effects of these four salts on Mn were investigated and compared with the interferences of the salt mixture.
The effect of AlCl3
The effects of 100 µg of AlCl3 on the determination of 3 ng of manganese at different pyrolysis temperatures are shown in Fig.  1 . The 15% signal depression at 300˚C gradually decreases at elevated pyrolysis temperatures, and disappears at 900˚C or above. One of the possible causes of signal depression at low pyrolysis temperatures may be the expulsion of analyte atoms from the furnace by rapidly expanding decomposition products of AlCl3 in the atomization step. Another possible interference mechanism is a gas-phase reaction between the matrix decomposition products (particularly Cl) and the analyte atoms. Of course, there is no reason for both mechanisms to occur at the same time. Both mechanisms have been proposed for the interference effects of various hydrated chlorides on many different elements. 24, 25 It is known that AlCl3 (actually Al(H2O)6Cl3) is converted into Al2O3 by thermal hydrolysis. 26 This conversion is not complete at low temperatures, but gradually increases with temperature. Since less AlCl3 (actually Cl) is left in the tube at elevated pyrolysis temperatures, the interferences (expulsion and gasphase reaction) gradually decrease. In the presence of AlCl3, the atomization signals for Mn consist of two well-separated peaks, which is not the case in the presence of aluminum sulfate and nitrate salts (Fig. 2) . This shows that not only Al, but its anion is effective in the atomization mechanisms of Mn. The first peak is higher and sharper, while the latter one is spreading and lower.
On the other hand, in the presence of Al(NO3)2 or Al2(SO4)3, only one single peak with a much higher appearance time than that of the matrix-free Mn was obtained (Fig. 2) . Evidently, in the presence of aluminum chloride, the atomization of manganese occurs through two different mechanisms. The first peak may be caused by a fast vaporization of manganese as MnCl2 (m.p. 650˚C, b.p. 1190˚C) 27 with its subsequent rapid atomization. Since the appearance time for Mn in the presence of AlCl3 is much earlier than those in the presence of Al2(SO4)3 and Al(NO3)2, it can be concluded that AlCl3, before being converted into Al2O3, can not provide a prevention effect for the analyte. In fact some of Mn is converted into volatile MnCl2 during the pyrolysis or atomization step which is easily vaporized and later rapidly atomize in the hotter gas phase medium. Another likely mechanisms is that when rapidly vaporized and expanded at the beginning of the atomization step, AlCl3 or its decomposition products may carry some analyte into the absorption volume where it is atomized at once.
As explained, when low pyrolysis temperatures are applied, Mn is interfered due to the gas-phase reaction and expulsion effects of AlCl3. In order to further support this, in a set of experiments at first AlCl3 is pipetted on the platform. It is then dried and pyrolyzed at various temperatures. The program was stopped before the atomization step and the Mn was injected on the AlCl3 pyrolyzed and atomized by applying usual atomization program, with 300˚C pyrolysis temperature. There is a 35% signal depression for Mn only when AlCl3 is pyrolyzed at 300˚C, but a full atomization signal with a single peak instead One of the possible causes of the second high-temperature peak in Fig. 2B , which appeared very near to those in the presence of Al2(SO)4 and Al(NO3)2, is slowly atomization of some compounds formed as a result of interactions between Al and Mn on the platform (like spinel MnAl2O4). In the literature, this spinel is indicated as the most possible compound between Al and Mn. 28 In addition to this, to prove the formation of spinels, some XRD experiments were carried out. On the other hand, the XRD studies of condensed-phase species in ETAAS have always been suspicious. This is because in this set of experiments, a mixture of high amounts of analyte and interferent pyrolzed was used and then the graphite furnace program was stopped. After cooling, the sample was taken from platform, transferred to sample compartment of XRD. During this procedure, the composition of the sample may be changed due to oxidation in air. Moreover, the amounts of analyte and interferent are at least 1000 to 5000 times higher than these in ordinary amounts in ETAAS, which may cause different formations.
As a result, we do not want to overemphasize the XRD results, but at least it can be stated that the existence of MnAl2O4 was observed. Another cause is the delaying effect of Al2O3 on manganese by embedding the analyte. Actually, Mn should be retained by the compound formed in the beginning i.e. AlCl3, but if the compound is directly decomposed in the atomization step relatively at low temperatures, the atomization signals of the analyte would not be delayed. The Mn trapped by AlCl3 will be present in the Al2O3 formed as a result of thermal hydrolysis. At elevated temperatures, while AlCl3 is converted to Al2O3, the interferences disappear due to not only decreasing chloride in the tube, but also at the same time Al2O3, itself, acts as a modifier against non-hydrolyzed AlCl3 or other interferents. Since the vaporization and atomization of Mn is delayed by Al2O3, less gas-phase interferences occur at higher gas-phase temperatures.
The effects of MgCl2 and MgSO4
In previous papers, 24,25 the effects of 100 µg of MgCl2 and 100 µg of MgSO4 on 3 ng of Mn, which are the amounts used in this study, were discussed extensively, and are briefly summarized here.
At a pyrolysis temperature of 300˚C, MgSO4 has an only about 5% depressive effect on Mn. Interferences disappear at, and above 600˚C, and the absorbances are restored again. In the presence of MgSO4, the losses begin at temperatures of about 500˚C higher than those for matrix-free Mn. In addition, in the presence of MgSO4, the Mn atomization signals are delayed and single, rather than two peaks. In the presence of AlCl3, there are two peaks.
MgSO4 is converted to MgO at around 1100˚C. This conversion is not complete at low temperatures, but gradually increases with temperature. In pyrolysis at low temperatures, e.g. 300˚C, MgSO4 may not be converted to MgO completely, but is decomposed directly in the atomization step, causing gasphase reaction and/or expulsion interferences, as described before. At elevated temperatures, most or all of MgSO4 is converted to MgO in the pyrolysis step, which does not cause any gas-phase reaction or the expulsion interferences. MgO or MgSO4 itself delays vaporization of the analyte by imbeding it. Due to this delay, since Mn vaporizes into a hotter gas environment, where thermal equilibrium may be established, any gas-phase combination reaction between Mn and other interfering species is less likely. In fact, even if the conversion of MgSO4 to MgO is not complete, since Mn atomizes at higher temperatures, any gas-phase reaction due to the decomposition of MgSO4 in the atomization step is less likely. Another possibility for the delay of atomization and the beginning of losses at higher pyrolysis temperatures may be the formation of thermally stable compounds between Mn and the matrix as proposed for AlCl3.
Although, an obvious shoulder appears for the matrix-free Mn signals in the presence of MgSO4, a perfect single Gaussian signal is obtained. The causes of the single and double peaks were discussed in our previous paper, 24 and it was concluded that carbide formation after vaporization of the analyte upon collisions with the tube surface plays an important role in the atomization mechanism of Mn, and that this process should be responsible for the double peaks of the matrix-free manganese. It was proved that carbide formation is prevented at higher wall temperatures, causing a single peaks. Therefore, whenever Mn was delayed, it always appeared as single peak rather than a double one, which is the case in the presence of MgSO4.
Again, as proposed in the previous paper, 25 in the presence of MgCl2, two opposing effects occur, depending on the pyrolysis temperatures. If low pyrolysis temperatures are applied, the expulsion and gas-phase reaction mechanisms due to the decomposion of MgCl2 in the atomization step are likely. At elevated temperatures, MgCl2 thermally hydrolyzed and converted to MgO, which did not cause any expulsion or gasphase reaction in the atomization step, converting to MgO formed from MgSO4 as mentioned before. Although some losses of manganese occured due to the volatilization of MnCl2 in the pyrolysis, or at the beginning of atomization step, obviously MgO effectively protects the analyte by occluding it.
The effects of Al2(SO4)3
The effects of 100 µg Al2(SO4)3 on the determination of manganese at different pyrolysis temperatures are shown in Fig.  1 . The depressive effect of Al2(SO4)3 on Mn at low pyrolysis temperatures completely disappears at 1200˚C.
In the literature, it is known that Al2(SO4)3·6H2O gradually loses its crystal water with increasing temperature, and that anhydrous Al2(SO4)3 is converted to Al2O3 between 600 -1000˚C;
Since Al2(SO4)3 is not completely converted to Al2O3 at low pyrolysis temperatures, it is decomposed in the atomization step. Consequently, a gas-phase reaction between manganese and the matrix decomposition products, or an expulsion of the analyte out of the furnace by the matrix decomposition products, may occur. The atomic absorption and background signals for Mn in the presence of Al2(SO4)3 are shown in Fig. 2 . The early sharp peak in the background absorbance of Al2(SO4)3 is likely to result from the decomposition products, such as SO2, SO3 and S. The appearance time for the atomization signal of manganese in the presence of Al2(SO4)3 is later than that for the matrix-free manganese. The reason for this delay can be explained as being either the occlusion of the analyte due to the interactions between the manganese and the matrix in the condensed phase, or the formation of a stable compound of manganese. To distinguish the gas-phase and condensed-phase interferences, the analyte and Al2(SO4)3 were injected in different cavities of a special dual-cavity platform which was proved to be a useful tool for this purpose. 4, 5, 17 It was assumed that if the analyte and the interferent are introduced in different cavities, they do not contact with each other in the condensedphase, and only phase interferences occur. If the absorbances for mixed and separated injections of the analyte and interferent are not the same, the interferences should originate from both the gas and condensed-phase interferences. When Mn and Al2(SO4)3 were pipetted into different cavities of a dual-cavity platform, no interference was observed. This shows that the depressive effect at low pyrolysis temperatures are due to the condensed-phase interferences but not due to the gas-phase interferences.
In a set of experiments, at first Al2(SO4)3 was pyrolyzed at different temperatures; the program was stopped and Mn was pipetted onto the pyrolyzed Al2(SO4)3 and atomized using a full graphite furnace program with 300˚C of pyrolysis. A 10% depressive effect, which is the same as that of mixed solutions of the interferent and the analyte, was observed if Al2(SO4)3 was pyrolyzed at < 1200˚C, but the interference disappeared if the interferent was treated at temperatures higher than 1200˚C. This shows that at higher temperature Al2(SO4)3 is converted to a form which does not cause any interference.
Of course, many other species formed during the drying step, or in the pyrolysis step, interfere with the analyte in the gas phase and/or in the condensed phase. We considered the influence of the four compounds only to know which of them mainly formed during the drying and pyrolysis steps, because it can be assumed that the major compounds should dominantly influence the behavior of the analyte in the atomizer, but the contribution of the other species should not be disregarded.
The effects of an Al
3+
, Mg
2+
, Cl -and SO4 2-mixture The effect of a complex matrix prepared by mixing 100 µg MgCl2 and 100 µg Al2(SO4)3 on 3 ng of Mn at different pyrolysis temperatures is shown in Fig. 1 . The atomization signal for Mn and the background signal in the presence of this matrix are close to those observed in the presence of only MgSO4 (Fig. 2 ). It appears that MgSO4, to a great extent, determines the characteristics of manganese when a mixture of these two salts is applied. It can be concluded that MgSO4 was formed mainly after drying. Since Mg 2+ and SO4 2-are combined, the most possible compound in the condensed phase between the remaining species (Al and Cl) should be AlCl3.
Since the appearance times for Mn in the presence of only MgSO4 and in the mixture are the same, it can be concluded that the most likely cause for a delay of the atomization signals should be a protecting effect of MgSO4 formed by imbedding the analyte and delaying its vaporization and atomization. Another cause of the delay may be the formation of other thermally stable compounds between Mn and the matrix compounds.
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ANALYTICAL SCIENCES APRIL 2004, VOL. 20 At low pyrolysis temperatures, the suppressing interference should originate from the expulsion of the analyte atoms by non-hydrated matrix constituents that are violently decomposed in the atomization step. In addition, Cl and S atoms, which are not removed at low temperatures, react with Mn atoms in the gas-phase, causing a depressive effect. At elevated pyrolysis temperatures, the interfering species (Cl, S, etc.) are removed from the furnace by thermal hydrolysis or a direct decomposition of molecules, which means less gas-phase reaction and expulsion interference.
In another set of experiments, the ratio of MgCl2 to Al2(SO4)3, which was used to obtain the mixture of Al 3+ , Mg 2+ , SO4 2-and Cl -, was changed as an experimental parameter. If the ratio MgCl2/Al2(SO4)3 was increased, the depressing interference increased for 300˚C and 900˚C of pyrolysis after a distinct ratio (Fig. 3) . The reason for this is that if MgCl2 is increased more than that to convert all of the SO4 to MgSO4, with respect to Al2(SO4)3, excessive MgCl2 forms in the matrix, causing suppressive interferences that can not be prevented by other constituents, including MgSO4. Excessive MgCl2 may not hydrolyze completely even at 900˚C and cause not-prevented interferences.
Conclusion
It can be concluded that it is of no use to study a specific simple salt, because a pure salt is rarely found in real samples. If more than one compound is formed during the drying and pyrolysis steps, the effect of a salt may be significantly changed by others. It is not sufficient to determine which compounds are formed after the drying and pyrolysis steps in the condensedphase because the overall effect of the matrix on the analyte is the result of very complex contributions of the compounds formed and their complicated interactions with each other and the analyte. Although an interfering compound is detected, its effect may partly, or never, be observed because of the presence of another preventing compound in the media.
